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Abstract 9 
A 3-D Rankine type Green function boundary element method is developed to estimate the unsteady 10 
hydrodynamic interaction during ship passing piers process. To address this moving boundary 11 
problem, a free surface re-meshing algorithm based on the combination of local mesh and global 12 
mesh is proposed to update fluid boundary and the boundary value formula is solved at each time 13 
step. Two alternative numerical models for ship passing piers problem are compared with the current 14 
analysis method. Based on the three numerical models, the characteristics of the hydrodynamic 15 
loads acting on the passing ship are specified and the critical positions for the peak values have been 16 
identified. Simulation results demonstrate that the fluid disturbance induced by the piers is of 17 
importance. Therefore, the study of ship-piers hydrodynamic interaction in a river must be handled 18 
as a different forward speeds problem. Additionally, the wave elevation effect can only be neglected 19 
on condition that the forward speed is very low. 20 
Keywords: boundary element method; Rankine source; ship-to-piers; unsteady hydrodynamic 21 
interaction; passing and encountering 22 
1. Introduction 23 
The unsteady fluid interaction between two moving bodies during a passing by process has 24 
long been investigated, mainly in terms of aerodynamics and hydrodynamics. Based on 3-D 25 
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compressible Euler/Naiver-Stokes equations, Fujii and Ogawa [1] simulated the flow filed induced 26 
by two trains passing by each other in a tunnel. The basic characteristics of the time history of 27 
pressure distributions and the aerodynamic forces were identified. Mancini and Malfatti [2] 28 
performed a full-scale field measurement of the unsteady aerodynamic pressure generated by a train 29 
passing at high speed in open air and in tunnels. Watanabe and Matsuno [3] investigated the flows 30 
driven by a high-speed car passing through a hairpin corner. A so-called 'Moving Computational 31 
Domain Method' was proposed and the whole computational domain including bodies inside moved 32 
in the physical space without the limit of region size. Yeung and Tan [4] studied the hydrodynamic 33 
interaction of ships with fixed obstacle. The slender-body theory was used with the assumption that 34 
the free surface was rigid. Kijima [5] investigated the ship-piers interaction in close proximity with 35 
the asymptotic expansions method. Time series of wave forces and ship motions were obtained. 36 
Research on multi-body hydrodynamic interaction during passing by process was firstly started 37 
decades ago with model test approach. Newton [6] carried out model test of two ships during 38 
overtaking operations in deep water. Müller [7] studied overtaking and encountering problem in 39 
restricted water channel. Vantorre et al. [8] carried out extensive model tests on the hydrodynamic 40 
interaction between two ships during overtaking, passing by, and encountering operations. A 41 
specially designed twin-carriage system was applied to implement the complicated operations. 42 
Model test program was launched by Mousaviraad et al. [9] to investigate ship-to-ship interactions 43 
in the calm water and waves during overtaking operations. Effect of configuration, speed and 44 
heading angle were studied. 45 
Alongside with model test method, analytical and empirical approaches mostly based on the 46 
slender-body theory have been developed and validated. Tuck and Newman [10] extended the 47 
slender-body theory to predict the hydrodynamic lateral force and yaw moment acting on each of 48 
the two ships while they were moving along parallel paths. Yeung [11] used similar approach to 49 
investigate the unsteady hydrodynamic interaction of two ships moving in shallow water. Brix [12] 50 
proposed an approximate empirical formula to estimate the maximum values of longitudinal and 51 
transverse forces during overtaking operations. Wang [13] expanded Yeung’s [11] study to 52 
investigated the irrotational flow around two slender bodies with revolution angles of yaw, which 53 
were travelling along parallel paths in close proximity. 54 
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More recently, the boundary element method is applied in an increasing number of numerical 55 
studies on unsteady hydrodynamic interaction within the framework of potential flow theory. Xiang 56 
and Faltinsen [14] developed a 3-D Rankine source method with consideration of the linear wave 57 
effect to solve the boundary value problem of two ships advancing in waves. Sutulo et al. [15] 58 
developed a potential-flow method to estimate the hydrodynamic interaction forces. The general 59 
estimation method was validated against experimental data obtained in deep and shallow water 60 
towing tanks for the case of a tug operating near a larger vessel. Yuan et al. [16] proposed a 61 
methodology to predict the ship-to-ship interaction during overtaking operations in shallow water. 62 
To deal with the different forward speeds, they divided the velocity potential into two independent 63 
components and addressed each component separately. Yao and Dong [17] developed a frequency 64 
domain analysis method with consideration of local steady flow effect to investigate wave forces of 65 
two parallel advancing ships. They showed that the flow speed is an important factor relating to the 66 
hydrodynamic interaction. Xu et al. [18] used high-order element method to predict hydrodynamic 67 
interaction of two cylindroids moving along parallel courses in shallow water. Since free surface 68 
elevation was neglected in their work, only low forward speed problem was addressed. Pinkster and 69 
Bhawsinka [19] proposed a real-time simulation technique for ship-ship interaction based on a 70 
double-body flow method. Wang and Zou [20] studied the hydrodynamic interaction between a 71 
passing ship and a berthed ship in a single way lock. 72 
The hydrodynamic interaction involved in the ship passing piers process has not been fully 73 
studied due to its complexity. The speed of river flow could make the coordinate system complicated. 74 
The bridge piers cannot be treated as fixed obstacles and the ‘passing by’ process turns to an 75 
encountering problem, which is a different forward speeds problem by nature. Also, the ship usually 76 
passes by the piers with a moderate or even high forward speed so that the wave elevation effect 77 
must be considered. This study aims to address these issues involved in the ship passing piers 78 
problem. A 3-D boundary element method based on Rankine type Green function is developed. 79 
Since it is an unsteady and moving boundary problem, a re-meshing algorithm is developed to 80 
update boundary of fluid domain at each time step. To fully capture the free surface disturbance 81 
effect, the Neumann-Kelvin condition is applied on the free water surface. The current analysis 82 
method will be compared with another two numerical models to illustrate the wave elevation effect 83 
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and the importance of fluid disturbance induced by the piers in river flow. 84 
2. Mathematical formulations 85 
Theoretically, ship passing pier (involving relative movement) is an unsteady problem, since 86 
the boundary of the fluid domain is time-varying. Nevertheless, it can be handled in a quasi-steady 87 
approach. The steady boundary value model is set up at each time step, based on the current fluid 88 
boundary configuration. The boundary value problem is solved in a step-by-step manner with the 89 
update of boundary configuration to consider the unsteady effect. 90 
2.1. Boundary value problem 91 
For a single ship advancing in open calm water with constant forward speed u, a velocity 92 
potential 𝜑 is introduced. Following [21], the dynamic free surface condition and the kinetic free 93 
surface condition can be expressed as 94 
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where ξ is the wave elevation. Neglecting higher order terms, the classical linear Neumann-Kelvin 97 
free surface condition is derived 98 
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Assume that a ship is passing by piers with constant forward speed u and the river flow speed 100 
is u0. A river-fixed coordinate system moving together with the river flow is introduced. In the river-101 
fixed coordinate, both the passing ship and the piers are moving with forward speed u1 = u-u0 and 102 
u2 = -u0, respectively. 103 
Theoretically, it is a body-to-body encountering problem. Nevertheless, it is commonly 104 
simplified and described with Eq. (4), where the flow potential induced by the pier is neglected. 105 
The main reason of such simplification lies in the speed-dependent term in the Neumann-Kelvin 106 
condition, which will cause difficulties in a different forward speeds problem. The simplified model 107 
inherently neglects the fluid disturbance induced by the piers although the wave elevation effect is 108 
considered. However, no single academic study has been undertaken to check the feasibility of this 109 
simplified model. 110 
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where n = (n1, n2, n3) is the unit normal vector inward on the body surface and H is the water depth. 112 
Another simplification of this problem is the rigid surface model, which neglects the free water 113 
surface disturbance. In this way, the speed-dependent terms in the free surface condition are omitted. 114 
The boundary value model of the rigid surface model is given as 115 
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  (5) 116 
Eq. (5) is the so-called rigid surface model used by a majority of researchers in their studies 117 
[10, 11, 13, 18]. Using the rigid surface model, only a single boundary value equation needs to be 118 
established regardless of the number of bodies involved and it avoids the different forward speeds 119 
problem in this way. However, the wave elevation effect is neglected in the rigid surface model. 120 
The two methods more or less neglect some aspects of the problem, due to the speed terms in 121 
the Neumann-Kelvin condition. To deal with the different forward speeds problem, Yuan et al. [16] 122 
proposed an approach, which divides the potential φ into two components 123 
 1 2     (6) 124 
where 𝜑1 is the potential induced by the passing ship moving with speed u1 while the piers are 125 
stationary. 𝜑2 is the potential induced by the piers moving with speed u2 while the passing ship is 126 
stationary. The boundary value problems for 𝜑1 and 𝜑2 are represented with Eq. (7) and Eq. (8), 127 
respectively. 128 
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  (8) 130 
It is the coupled model to describe the ship passing piers problem, which accounts for both the 131 
wave elevation effect and the fluid disturbance induced by the river flow passing the piers. In the 132 
coupled model, the fluid disturbance induced by the passing ship and the pier are addressed 133 
separately within their own body-fixed coordinate system. Subsequently, the two potential 134 
components are combined to represent the hydrodynamic couplings. In the original work of Yuan et 135 
al. [16], the coupled model was applied to low speed problem so that the unsteadiness of the 136 
hydrodynamic interaction was not considered. Nevertheless, the contribution of the unsteady term 137 
to the pressure will be significant in high speed problem. Therefore, the assumption made by Yuan 138 
et al. [16] does not held and the unsteady term should be taken into account when calculating the 139 
pressure over the ship hull. In the present study, some modifications are made in order to account 140 
the unsteadiness raised by the unsteady pressure distributed over the ship hulls, which will be 141 
presented in the following part. It is worth noting that the Neumann-Kelvin free surface condition 142 
is typically used for slender bodies. Considering that the river flow speed is usually low, it is 143 
applicable to the potential induced by the piers. 144 
As well known, the shallow water effect has a significant influence on the hydrodynamic 145 
performance of an advancing ship. To focus on the scope of this study, the water depth is set to 30 146 
m. Considering that the largest ship speed is 4.1 m/s, the bathymetric Froude number is 0.24. 147 
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Therefore, the shallow water effect is limited in this study. 148 
Ship passing piers is a moving boundary problem by nature. The ship-pier configuration varies 149 
during the passing process. As stated in the beginning of this section, a quasi-steady approach is 150 
used. A re-meshing algorithm is first developed to update the boundary configuration at each 151 
simulation time step. During the simulation process, the boundary value model is set up based on 152 
the updated boundary configuration and the velocity potential is calculated step by step. The 153 
unsteady effect is considered by the update of the boundary configuration. 154 
Once the velocity potential 𝜑 is solved, the hydrodynamic pressure on the ship and the piers 155 
are obtained from Bernoulli’s equation. 156 
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where 𝜌 is the fluid density. The hydrodynamic forces are obtained by integrating hydrodynamic 158 
pressure across the wetted surface. 159 
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ni is the generalized normal factor defined by Eq. (11). r = (x, y, z) is the position vector. 161 
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Wave elevation is estimated by 163 
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Compared with the force model in Yuan et al. [16], we make an improvement to consider the 165 
unsteady effect by introducing 
t


 in Eq. (9). It should be noted that the boundary value problem 166 
is solved without consideration of the unsteady effects. Therefore, the fully unsteady effects cannot 167 
be estimated by the present methodology. A more sophisticated method, which takes the time-168 
dependent terms in the free-surface condition, should be proposed to address this issue. Although 169 
the unsteady problem is handled with a quasi-steady approach, the unsteadiness is still reflected in 170 
the derivative of velocity potential in time scale. In our numerical model, the unsteady term 
t


 at 171 
time step i is calculated by 172 
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where φi is the potential at time step i. dt is the simulation time step. 174 
2.2. Discretization of the boundary integral 175 
By distributing Rankine type sources on the entire boundary of the fluid domain, the velocity 176 
potential 𝜑(r) at point r = (x, y, z) within the fluid domain is given by Eq. (14). 177 
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where σ(ϛ) is the source strength assigned to point ϛ = (ϛ1, ϛ2, ϛ3) on the boundary of the fluid domain. 179 
G(r, ϛ) is the Rankine type Green function defined by 180 
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To enhance the computation efficiency, the mirror image approach is applied by treating the 182 
river bed as a mirror and Eq. (15) is thus updated as 183 
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Eq. (14) is an analytical integral formula and should be represented by a discretized approach 185 
in the numerical calculation. Dividing the whole boundary into N elements and assuming that the 186 
sources in each element are uniformly distributed and possess identical source strength, analytical 187 
formula Eq. (14) is expressed in an integral way 188 
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Gij is the influence matrix with dimension N×N, which denotes the potential at point i induced by 190 
element j [22]. σj is the source strength assigned to element j and ϛj is the center of element j. Please 191 
refer to Hess and Smith [22] for the detailed derivation of Gij. 192 
2.3. Desingularied method 193 
In principle, the Rankine singularity should be distributed exactly on the boundary of the fluid 194 
domain. However, a designularied method has been developed by moving the elements on free water 195 
surface a short distance upward. Meanwhile, the collocation points, where boundary condition is 196 
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satisfied, still stay exactly on the free water surface (see Fig. 1). In this study, a raised distance dz 197 
=Lj/10 suggested by Kim et al. [23] is selected, where Lj is the diagonal length of element j. 198 
 199 
 200 
Fig. 1. Raise of the free surface. 201 
The appearance of second derivative of the potential in the free surface condition will cause 202 
some difficulties. In theory, second derivative terms can be handled with analytical approach and 203 
the exact analytical expression is indeed available. However, it is found that the influence matrix 204 
tends to be ill-conditional when analytical representation is applied, which is likely to be caused by 205 
sthis problem. They found that the wave pattern developed a saw-toothed appearance and the 206 
numerical instability was not caused by rounding errors. Similar problem was reported by Xu and 207 
Yue [24] as well. Although the introduction of a low-pass numerical filter can smooth the wave 208 
profile [24, 25], there is no evidence showing that this kind of correction approach would not alter 209 
the real wave elevation. Therefore, difference scheme rather than analytical formula is applied in 210 
this paper to represent the second derivative term. Upwind difference scheme and central difference 211 
scheme are two common difference schemes. Generally, the central difference scheme is more 212 
accurate while the stability of upwind difference is better. In addition, the application of upwind 213 
difference scheme enforces that the wave pattern mainly depends on the upstream flow, which is 214 
consistent with physical observation. Due to this favorable property of upwind difference scheme, 215 
the second-order upwind difference scheme proposed by Bunnik [26] (see Fig. 2) is adopted to 216 
represent the second derivative of velocity potential: 217 
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 219 
Fig. 2. Second-order upwind difference scheme. 220 
According to [23, 26], the radiation condition in the boundary value formula can be satisfied 221 
inherently by applying Eq. (18). Therefore, no elements are distributed on the radiation control 222 
surface. 223 
2.4. Re-meshing algorithm 224 
Ship passing piers is a moving boundary problem by nature. It requires update of the free 225 
surface at each time step and the boundary value problem should be solved alongside with the update 226 
of element distribution on the free surface. A re-meshing algorithm based on the concepts of local 227 
mesh and global mesh is developed. The local mesh is body-fixed and moves together with the 228 
passing ship. Comparatively, the global mesh can be understood as a kind of background mesh, 229 
which is fixed to the space. The essential idea of the re-meshing algorithm is to use the local mesh 230 
to overlap the global mesh and the complicated re-meshing problem will be converted in this way 231 
to a simple connection operation. By dividing the entire mesh into two components, the re-meshing 232 
algorithm allows the usage of fine elements in local mesh and coarse elements in global mesh. 233 
Therefore, it is able to acquire high calculation accuracy with a small amount of elements. Fig. 3 234 
displays the fine local mesh, which includes the body surface and the surrounding free water surface. 235 
The fine local mesh and coarse global mesh are merged in Fig. 4. 236 
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 237 
Fig. 3. Local fine mesh. 238 
 239 
Fig. 4. Merged mesh. 240 
3. Validation 241 
Fig. 5 displays the sketch of ship-to-ship operations in close proximity. This section will 242 
validate the coupled model against analytical approximation and model test measurement. The 243 
hydrodynamic forces presented are normalized by Eq. (19). L is the ship length, D is the draft and 244 
B is the breath.  245 
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 247 
Fig. 5. Sketch of ship-to-ship interaction. 248 
3.1. Validation against analytical approximation 249 
A Wigely ship is set to pass another identical moored Wigely ship in open calm water. The hull 250 
geometry is expressed by Eq. (20) with the main dimensions listed in Table 1. 251 
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Table 1 Main dimensions of Wigley ship 253 
Parameter Value 
Length (L) 30 m 
Breadth (B) 3 m 
Draft (D) 1.875 m 
Based on the slender-body theory, the following analytical expression is obtained to 254 
approximate the hydrodynamic forces acting on the moored ship induced by a passing ship in its 255 
proximity [27].  256 
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where Ai is the section area of Ship i and Ai’ is the sectional area slope. 258 
d
t
Y1
Y2
O2 X2
O1 X1
Ship_1
Ship_2
dl
13 
 
 259 
Fig. 6. Time series of hydrodynamic forces acting on the moored ship, dt = 1.5B, u1 = 3.589 m/s, u2 = 0 m/s. (a) 260 
longitudinal force; (b) lateral force. 261 
The hydrodynamic forces obtained with the coupled model and Eq. (21) are compared in Fig. 262 
6. In general, good agreement is acquired. According to Eq. (21), the results predicted by the 263 
slender-body theory are strictly symmetric with respect to dl/L = 0. It is because the free surface 264 
elevation effect is neglected and the free surface is treated as rigid boundary in [27]. Comparatively, 265 
the free surface elevation is taken into account in this study, leading to the slight discrepancies 266 
between the results obtained with the two methods. 267 
3.2. Validation against model test 268 
The benchmark model test conducted by Vantorre et al. [8] is used. The two ships involved in 269 
the model test were two Esso Osaka models with Froude scale factor 1/75. The model-scale 270 
particulars of the two ships are listed in Table 2. The transverse distance between the two ships was 271 
B1+0.5B2. Overtaken Ship_1 was translating with speed 0.238 m/s while overtaking Ship_2 was 272 
travelling at -0.476 m/s.  273 
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Table 2 Main particulars of the two ships involved. 274 
 Ship_1 Ship_2 
Length L1 = 3.824 m L2 = 3.864 m 
Breath B1 = 0.624 m B2 =0.55 m 
Draft D1 = 0.207 m D2 = 0.18 m 
Block coefficient CB1 = 0.816 CB2 = 0.588 
The predicted hydrodynamic forces are compared with experimentally measured results in Fig. 275 
7. Discrepancies are observed and the numerical model tends to overestimate the wave forces. In 276 
the model test environment, the viscous components of the fluid are not negligible and flow 277 
separation may also happen. These factors, which can’t be considered within the framework of 278 
potential theory, dissipate the wave energy and thus the simulated wave forces will be larger. 279 
Another cause of the discrepancies is that the complex rudder and the propeller are not established 280 
in the coupled model. In spite of the slight discrepancies, the calculation accuracy is acceptable. 281 
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 282 
Fig. 7. Time series of hydrodynamic forces acting on Ship_2. (a) longitudinal force; (b) lateral force; (c) yaw 283 
moment. 284 
4. Convergence study 285 
Fig. 8 illustrates the ship-piers interaction during the passing process. The ship is enforced to 286 
pass two side-by-side arranged piers with a constant forward speed u and any oscillating motions 287 
are restricted. The main dimensions of the ship are identical to those listed in Table 1. Water depth 288 
c
-2 -1 0 1 2
-30
-20
-10
0
10
20
30
C
zz
dl/L
2
 model test
 simulation
b
-2 -1 0 1 2
-0.5
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
0.4
0.5
C
x
dl/L
2
 model test
 simulation
-2 -1 0 1 2
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
C
y
dl/L
2
 model test
 simulation
a
16 
 
is set to 30 m. The rectangular bridge piers are mounted on the river bed. 289 
 290 
Fig. 8. Illustration of ship-piers interaction during passing process. 291 
Before the numerical simulations are carried out, we first perform the convergence study to 292 
seek a suitable configuration of the calculation parameter. Two aspects of the convergence study are 293 
addressed, namely the mesh convergence and the time step convergence. 294 
4.1. Mesh convergence 295 
The mesh convergence study is firstly performed. Two sets of meshes are generated, namely 296 
the standard mesh and the fine mesh. The element size of the fine mesh (L/dx = 60, dx is the length 297 
of the mesh) is half of that of the standard mesh (L/dx = 30). The predicted wave forces obtained 298 
with the two mesh configurations are compared in Fig. 9. As shown, the two meshes produce very 299 
similar estimation of the hydrodynamic interaction between the passing ship and the piers. 300 
Consequently, the standard mesh is capable of producing accurate simulation results. 301 
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 302 
Fig. 9. Mesh convergence study. (a) longitudinal force; (b) lateral force; (c) yaw moment. 303 
4.2. Time step convergence 304 
The time step convergence is performed because ship passing piers is by nature a moving 305 
boundary problem. It is why the boundary value formula is solved at each time step alongside with 306 
update of the free surface element. If the time step is too large, then the calculation may become 307 
unstable and some critical time may be missed. We set two sets of time step, namely the standard 308 
one (dt = dx/u) and the improved one (dt = dx/2u). The comparison of the two time step 309 
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configurations are presented in Fig. 10. The convergence of simulation results is satisfactory. 310 
 311 
Fig. 10. Time step convergence study. (a) longitudinal force; (b) lateral force; (c) yaw moment 312 
According to the convergence study, the standard mesh and the standard time step can acquire 313 
satisfactory calculation accuracy. Therefore, the standard configurations of mesh and time step will 314 
be employed in the following part of this paper. 315 
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5. Simulation results and discussions 316 
The three boundary value models discussed in Section 2.1 will be compared in this section. 317 
Table 3 gives a brief comparison of the three models. 318 
1. Rigid surface model. The rigid surface model treats the free water surface as a rigid 319 
wall. It neglects the wave elevation effect but accounts for the fluid disturbance 320 
induced by the piers and the passing ship. 321 
2. Simplified model. The simplified model considers the wave elevation effect but 322 
ignores the fluid disturbance induced by the piers. 323 
3. Coupled model. The coupled model proposed in this paper accounts for the wave 324 
elevation effect. Furthermore, the fluid disturbance induced by the river flow passing 325 
the piers is also considered. 326 
As presented in Section 2.1, one individual boundary value formula is generated at each time 327 
step using the rigid model and the simplified model. On the contrary, the velocity potential is divided 328 
into two components in the coupled model, and two boundary value formulas are generated. 329 
Consequently, the computational cost of the coupled model is generally twice that of the other two 330 
models. It is a disadvantage of the coupled model. 331 
Table 3 Comparison of the three models 332 
 
Disturbance 
induced by ship 
Disturbance 
induced by pier 
Free water 
surface elevation 
Computational 
cost 
Rigid model √ √ × Low 
Simplified 
model 
√ × √ Low 
Coupled 
model 
√ √ √ High 
 333 
Three passing by scenarios are defined: 1) single ship passing piers in calm water; 2) single 334 
ship passing piers in river flow; 3) two ships passing piers along opposite direction in calm water. 335 
Based on the three numerical models, the unsteady hydrodynamic interactions in the three passing 336 
scenarios will be simulated. 337 
5.1. Single ship passing piers in calm water 338 
Since the river flow speed is zero, the simplified model and the coupled model are identical to 339 
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each other. Consequently, only the rigid surface model and the coupled model will be compared. It 340 
will examine how the wave elevation influences the unsteady hydrodynamic interaction during the 341 
passing process. 342 
Fig. 11 displays the time series of wave forces acting on the ship when it is passing the piers 343 
with different forward speeds. Despite that the rigid surface model underestimates the peak values 344 
of the wave forces slightly, the two numerical models generally produce similar estimations of the 345 
hydrodynamic interaction in very low Froude number (Fn = u/√𝑔𝐿) condition. In Fig. 11 (a), the 346 
lateral force is characterized by an initial attraction, followed by repulsion and finally attraction 347 
again. It is a desirable phenomenon since the attraction plays a role of restoring force, pulling the 348 
ship back to the central line in case of a deviation distance. However, the hydrodynamic interaction 349 
tends to push the passing ship toward the piers within region -0.3 < dl/L < 0.3. It is very likely that 350 
the shipboard rushes to the piers before exiting this region. From the time series of lateral force, 351 
several critical positions for the peak values of the wave forces are identified. The attraction reaches 352 
peak value at dl/L = -0.5 where the bow just reaches the piers. Another critical position is dl/L = 0.5 353 
and the stern starts to depart from the piers at this location. The last critical point is dl/L = 0 where 354 
the repulsion reaches maximum value and it is the most dangerous position. Four phases can be 355 
distinguished from the time series of yaw moment in Fig. 11 (b). The yaw moment plays a role of 356 
bow attraction initially. The attractive yaw moment reaches maximum value when the bow just 357 
arrives the piers. It indicates that the bow will turn around towards the central line and the ship 358 
returns to the initial voyage route. Although a repulsive yaw moment follows in the second phase, 359 
it is too small to turn the ship bow back. In the departing stage, an attractive yaw moment is observed 360 
again but at a low-value level. Afterwards, the passing ship is subject repulsive yaw moment and 361 
the repulsion is maximized when the stern reaches the piers. The consecutively varying yaw moment 362 
is a significant threat to the safe voyage of the passing ship. As well-known, a ship possesses no 363 
yaw restoring force and therefore even a small external yaw moment can change its voyage route. 364 
Based on the time series of yaw moment, the ship voyage route can be expected to swing 365 
consecutively if a rudder correction is not applied. In this circumstance, the bow and the stern are 366 
very likely to rush to the piers, which may be more destructive than the shipboard-piers collision. 367 
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 368 
Fig. 11. Time series of wave forces acting on the ship, dt/B= 0.67. (a) lateral force, Fn = 0.06; (b) yaw moment, Fn 369 
= 0.06; (c) lateral force, Fn = 0.12; (d) yaw moment, Fn = 0.12; (e) lateral force, Fn = 0.24; (f) yaw moment, Fn = 370 
0.24. 371 
The free surface disturbance is limited in very low forward speed condition and thus the 372 
coupled model and the rigid surface model will produce similar results. As the forward speed 373 
increases, the discrepancies between the results obtained with the two models become more 374 
observable (see Fig. 11 (c) and Fig. 11 (d)). But the characteristics of wave forces remain unchanged. 375 
The predicted critical positions are identical to those in the very low forward speed condition. When 376 
the forward speed is moderate (Fn = 0.24), the rigid surface model and the coupled model produce 377 
quite different estimations of the unsteady wave forces. In Fig. 11 (e) and Fig. 11 (f), the wave forces 378 
obtained with the rigid surface model is still symmetric with respect to dl/L = 0 and only the peak 379 
values are augmented. On the contrary, the results obtained with the coupled model are unstable and 380 
multi-phases can be observed throughout the passing process.  381 
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It is well-known that a passing ship will set up the Kelvin wake. From the ship-fixed reference 382 
frame, the piers will experience the local wave disturbance region, the divergent wave disturbance 383 
region and finally the transverse wave disturbance region during the whole passing process (see Fig. 384 
12). The Kelvin wake is negligible at very low forward speed and it is local wave that dominates 385 
the hydrodynamic interaction between the passing ship and the piers. In this circumstance, the 386 
hydrodynamic interaction is mainly dependent on longitudinal distance between the ship and the 387 
piers. It explains the symmetric property with respect to dl/L = 0. On the contrary, the Kelvin wake 388 
is significant at moderate Froude number and the discrepancies between the three wave regions are 389 
observable. Consequently, the hydrodynamic interactions during approaching stage and departing 390 
stage are different. 391 
 392 
Fig. 12. Sketch of Kelvin wake. 393 
Fig. 13 displays the wave patterns when the ship is passing by the piers with moderate forward 394 
speed. When the ship is approaching to the piers in Fig. 13(a), the piers are outside the Kelvin wake 395 
region so the local wave disturbance is the essential factor. Whereas in Fig. 13(b), the piers are 396 
located within the ship’s wake. Due to the presence of piers, the divergent wave is not free to 397 
propagate outside. It is obvious that the wave elevation effect is significant so that the rigid surface 398 
model is not valid. 399 
Kelvin envelope (Bow wave)
Kelvin envelope (Stern wave)
Divergent wave disturbance region Local wave disturbance regionTransverse wave
disturbance region
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 400 
Fig. 13. Wave patterns at Fn = 0.24, Cξ= ξg/2πu2. (a) dl/L = -0.5; (b) dl/L = 0.5. 401 
5.2. Single ship passing piers in river flow 402 
Fig. 14 displays the time series of wave forces acting on the ship throughout the passing process. 403 
Regardless of the numerical models used, the lateral wave force is characterized by an initial 404 
attraction, followed by repulsion and finally attraction again. This variation characteristic is 405 
consistent with that in calm water condition. Despite this common characteristic, the three numerical 406 
models produce distinct estimations of the lateral force. In general, the rigid surface model and the 407 
coupled model produce similar simulation results, although the rigid surface model underestimates 408 
the peak values of later force. Both the rigid surface model and the coupled model predict that the 409 
maximum attraction occurs at dl/L = -0.7 and dl/L = 0.7, respectively. Nevertheless, the results 410 
predicted by the rigid surface model are completely symmetric with respect to dl/L = 0 whereas the 411 
results obtained with the coupled model is not. The cause of such discrepancy has been clarified in 412 
Section 5.1.  413 
Although the results obtained with the simplified model and the coupled model show similar 414 
characteristics, the simplified model not only underestimates the lateral force significantly, but also 415 
24 
 
predicts different critical positions for the peak values of lateral force. As shown in Fig. 14 (a), the 416 
maximum attraction is observed at dl/L = -0.4 and dl/L = 0.45 when the simplified model is used. 417 
Similar conclusion can be drawn from the yaw moment displayed in Fig. 14 (b).The time series of 418 
yaw moment is characterized by four phases and four peak values. The critical positions for peak 419 
values predicted by the rigid surface model and the coupled model are identical. On the contrary, 420 
the simplified model predicts different critical positions.  421 
 422 
Fig. 14. Time series of wave forces acting on the ship; Fn_ship= 0.24, Fn_river = 0.03, dt/B= 0.67. (a) lateral 423 
force; (b) yaw moment. 424 
Simulation results show that the piers-induced fluid disturbance is vital to the ship-piers 425 
hydrodynamic interaction even if the river speed is small. It is probably attributed to the fat shape 426 
of the piers. According to the simulation results, ship passing piers in a river must be addressed as 427 
a different forward speeds problem. 428 
5.3. Two ships passing piers in calm water 429 
In this section, two Wigley ships are enforced to pass the piers along opposite direction (see 430 
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Fig. 15). The forward speeds of the two ships are identical so that they will meet each other exactly 431 
at the piers. 432 
 433 
Fig. 15. Sketch of two ships passing piers along opposite direction. 434 
The time series of unsteady wave forces acting on ship_1 is displayed in Fig. 16. When the two 435 
ships are approaching to each other with very low forward speed, the rigid surface model and the 436 
coupled model produce very similar estimations of the wave forces. The lateral force is 437 
characterized by initial repulsion, followed by attraction and finally repulsion. Three extreme values 438 
of the wave force are observed at dl/L = -0.4, dl/L = 0 and dl/L = 0.4. It is an interesting finding that 439 
the variation characteristic is opposite to that in Fig. 11. As well known, two moving ships will 440 
attract each other during their encountering maneuvering. Therefore, it is concluded that ship-to-441 
ship interaction, rather than ship-to-piers interaction, plays the dominating role in this scenario. 442 
Three phases and three extreme values are identified in the times series of yaw moment. The yaw 443 
moment is characterized by attraction initially, followed by repulsion and attraction again. When 444 
the two ships are very close, they tend to swing away from each other under the hydrodynamic 445 
interaction to avoid the ship-ship collision. 446 
d
t1
dl1
Y 1
X 1
u1
O1
Ship_1 Pier_1
Pier_2
Central line
d
t2
dl2 X 2
Y 2
O2
u2
Ship_2
26 
 
 447 
Fig. 16. Time series of wave forces acting on Ship_1, Fn_ship_1 = 0.06, Fn_ship_2 = 0.06. (a) lateral force; (b) 448 
yaw moment. 449 
Fig. 17 displays the wave forces when the two ships are passing the piers with moderate 450 
forward speed, in which the results obtained with the two models are distinguished from each other. 451 
Three phases can be identified in the results predicted by rigid surface model and the wave forces 452 
are generally symmetric with respect to dl/L = 0. On the contrary, the hydrodynamic interactions 453 
during the approaching and departing stages are quite distinct when the coupled model is used. In 454 
the departing stage, the hydrodynamic interaction is unstable and multi-phases are observed. It is a 455 
serious challenge to the safe voyage of passing ships since the varying wave forces will induce 456 
strong sway and yaw motions. Fig. 18 shows the wave patterns before and after the encountering. 457 
Since the forward speed is moderate, the free surface elevation is noticeable and V-shape wake is 458 
observed. During the approaching stage, Ship_1 is not influenced by wake induced by Ship_2 and 459 
vice versa (see Fig. 18 (a)). It explains why the lateral force is relatively stable before the 460 
encountering. On the contrary, the Ship_1 is in the wake induced by Ship_2 and experiences wave 461 
b
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crest and trough alternately. It induces the high frequency component of wave force in depart stage. 462 
Meanwhile, the envelope curve drops gradually indicting that ship-piers interaction becomes weaker 463 
with the increase of longitudinal distance. 464 
 465 
Fig. 17. Time series of wave forces acting on Ship_1, Fn_ship_1 = 0.24, Fn_ship_2 = 0.24. (a) lateral force; (b) 466 
yaw moment. 467 
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 468 
Fig. 18. Wave patterns at Fn_ship_1 = 0.24, Fn_ship_2 = 0.24, Cξ = ξg/2πu1u2. (a) dl/L = -0.5; (b) dl/L = 0.5. 469 
6. Conclusions 470 
A 3-D boundary element method based on the Rankine type Green function is developed to 471 
investigate the ship-piers hydrodynamic interaction during passing process. A re-meshing algorithm, 472 
based on local mesh and global mesh concepts, is proposed to update the truncated free surface at 473 
each time step. The different forward speeds problem is addressed with an uncoupled method, which 474 
divides the velocity potential into two separate components. Three numerical models for ship 475 
passing piers problem are compared: 1) the rigid surface model which neglects the wave elevation 476 
effect; 2) the simplified model which neglects the piers-induced fluid disturbance; 3) the coupled 477 
model which accounts for both the wave elevation effect and the piers-induced fluid disturbance. 478 
Based on the three numerical models, the unsteady hydrodynamic interactions between the passing 479 
ship and the piers are simulated. 480 
The rigid surface model is able to simulate the hydrodynamic interaction correctly on condition 481 
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that the forward speed is very low. Compared with the coupled model proposed in this study, the 482 
rigid surface model can enhance the calculation efficiency since just a single boundary value 483 
equation is established regardless of the number of bodies involved. Such advantage will become 484 
more observable when a couple of bodies are involved in the hydrodynamic interaction. For low 485 
forward speed problems where the Froude number is less than 0.12, the rigid model is recommended. 486 
Although the simplified model considers the wave elevation effect in the estimation of ship-487 
piers hydrodynamic interaction, its prediction capacity is unsatisfactory. It inherently indicates that 488 
the fluid disturbance induced by the piers is vital to the ship-piers interaction even if the river speed 489 
is low compared with ship forward speed. Although the computation efficiency of the simplified 490 
model is desirable, it is not recommended for application in passing-pier passing problem. 491 
Through the comparisons between the free numerical models, it is proved that the ship passing 492 
piers problem must be addressed as an encountering problem. In most cases, the wave elevation 493 
effect should be considered, and the coupled model is recommended. 494 
7. Limitation and future work 495 
Although the coupled model proposed in this paper performs better than the other two models, 496 
by considering the free surface disturbance and the flow induced by the piers, it is by nature a quasi-497 
steady method. In high speed encountering and overtaking problem, the unsteadiness and the 498 
nonlinearity involved in the hydrodynamic interaction becomes increasingly important. As a result, 499 
the present methodology may be invalid. Future work will concentrate on this aspect and a fully 500 
unsteady method should be developed. 501 
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